The distribution of nerve fibers in the cere bral veins was studied by catecholamine fluorescence si multaneously with acetylcholinesterase (AChE) his tochemistry, A comparison of nerve fibers in the cerebral arteries was made, The ultrastructure of terminal boutons in the veins fixed with potassium permanganate was also studied, In the adventitia of the cerebral artery, green fluorescent aminergic fibers and brownish AChE-reactive (probably cholinergic) fibers were observed. In contrast, the cerebral venous system showed no AChE-positive fi bers. Catecholamine fluorescent varicose fibers were de tected in the dural sinus, the internal cerebral vein, and the superficial vein of Labbe. The highest density of REFERENCES Auer LM, Johansson BB (1980) Pial venous constriction during cervical sympathetic stimulation in the cat. Acta Physio/ Scand 110:203-205 J Cereb Blood Floll' Me/abol, Vol. 3, No. I. 1983 132 K. NAKAKITA ET AL. Auer LM, Johansson BB, Kuschinsky W, Edvinsson L (198 1) Sympathoadrenergic activity of cat pial veins. J Cereb Blood Flow Metaboll (Suppll):S3 11�S3 12 Bates D, Weinshilboum RM, Campbell RJ, Sundt TM Jr (1977) The effect of lesions in the locus coeruleus on the physio logical responses of the cerebral blood vessels in cats. Brain
It is well known that the cerebral arteries are in nervated by both peripheral aminergic and cho linergic nerve fibers (Nielsen and Owman, 1967; Iwayama et aI., 1970; Nelson and Rennels, 1970; Edvinsson et aI., 1972; Borodulya and Pletchkova, 1973; Edvinsson et aI., 1976) . Using physiological and morphological methods, several authors have recently suggested that the central aminergic sys tem controls the microcirculation of the brain (Ed vinsson et aI., 1973a; Raichle et aI., 1975; Bates et aI., 1977; Itakura et aI., 1977) . Although earlier studies have demonstrated that the cerebral veins have a neurogenic innervation by nerve fibers con taining noradrenaline, substance P, and vasoactive intestinal peptide (Nielsen and Owman, 1967; Auer et aI., 1981; Edvinsson et aI., 1982) , the detailed dis tribution pattern of nerve fibers in the cerebral ve-Address correspondence and reprint requests to Dr. Nakakita at Department of Neurological Surgery, Wakayama Medical College, 7-Bancho 1, Wakayama City, Japan.
Abbreviation used: AChE, Acetylcholinesterase. 127 aminergic fibers was found in the dural sinus and the sec ond highest in the internal cerebral vein. Most of the ter minal boutons in the adventitia of the cerebral veins were found adjacent to a muscle-like cell and showed only cored vesicles under electron microscopy. Results of our study suggest that the cerebral venous system has a neurogenic innervation, mainly from aminergic fibers, which is different from the neurogenic supply to the cere bral arterial system. Key Words: Acetylcholinesterase staining-Amine histofluorescence-Aminergic terminal bouton-Cerebral vein-Locus coeruleus-Superior cer vical ganglion.
nous system is still obscure. The present study was undertaken to elucidate the neurogenic innervation of the cerebral veins by means of catecholamine histofluorescence, acetylcholinesterase (AChE) histochemistry, and histological examination under an electron microscope.
To visualize aminergic and cholinergic fibers in the blood vessels, amine fluorescence and AChE staining have generally been performed on consec utive sections. In the present study, we devised a method of simultaneously visualizing these two neuronal systems. This method allowed us to study in detail the morphological correlation between aminergic and cholinergic nerve fibers in the same section.
MATERIALS AND METHODS
Fifty albino rats of the Sprague-Dawley strain were used. Rats were anesthetized with pentobarbital sodium (Nembutal®; 50 mg/kg, intraperitoneally) and perfused via the ascending aorta with 300 ml of a solution contain-ing 2% glyoxylic acid and 10% sucrose buffered with 0.1 M phosphate buffer (pH 7.4, 2-4°C), at a flow rate of 30 mllmin. The frontal and parietal bones were rapidly re moved to explore the superior sagittal sinus, in which the perfusate containing 0.01% Evans blue was injected to identify the cerebral venous system. The cerebral veins (superior sagittal sinus, Labbe's cortical vein, and inter nal cerebral vein) and/or the brain were quickly taken out and processed for catecholamine histofluorescence, AChE staining, and electron microscopy as described below.
Histofluorescence
The following three methods of catecholamine histo fluorescence were employed: (I) Falck-Hillarp' s freeze dry method (Falck et aI., 1962) ; (2) the glyoxylic acid perfusion-cryostat method (Bloom and Battenberg, 1976; Itakura et aI., 1981) ; and (3) the new method of simulta neously visualizing catecholamine fluorescence and AChE activity in whole mount specimens (Imai et aI., 1980) . Glyoxylic acid perfusion-cryostat method. After perfu sion as mentioned above, the brain was removed rapidly and cut into three blocks. Each block was then placed on a cryostat chuck and quickly frozen with powdered dry ice. Coronal sections of the block containing the cerebral veins were cut 10-20 (Lm thick at -20°C, and placed on glass slides kept at room temperature. The glass slides with adhering sections were immersed in a cold (about 2-4°C) solution of 2% glyoxylic acid and 10% sucrose buffered with 0.1 M phosphate buffer (pH 7.4) for 30-60 s. They were dried for 3 min in a stream of warm air from a commercial hair dryer and heated in an oven at between 90 and 100°C for 5-10 min. They were then covered with paraffin oil and a coverslip. The preparations were ob served under a fluorescence microscope as described above.
Simultaneous visualization of catecholamine fluores
cence and AChE activity in whole mount specimens. After perfusion, the cerebral veins were taken out under an operating microscope. 
Electron microscopy
To identify noradrenaline terminal boutons in blood vessels, a fixation method using potassium permanganate (KMn04) was used to precipitate monoamines through an oxidation-reduction reaction (Richardson, 1966; Hok felt, 1968) . After perfusion with 2% glyoxylic acid via the aorta, the cerebral veins were removed and immersed in cold (2-4°C) 3% KMn04 in Krebs-Ringer solution for 1 h, dehydrated, and embedded in Epon (Hokfelt, 1968 
RESULTS

Catecholamine histofluorescence
Cerebral arteries. Many green fluorescent aminergic fibers and brownish AChE-reactive (probably cholinergic) fibers were observed simul taneously in the whole mount specimen of the an terior cerebral artery (Fig. 1) . The distribution pat tern of these nerve fibers differed between the indi vidual layers of the adventitia of the vessel wall. In the outermost layer, two kinds of nerve fibers ran longitudinally to the long axis of the blood vessels.
They formed a mesh in the middle layer and spirals in the inner layer. At higher magnification, it was found that the two kinds of fibers ran separately from each other in the outermost layer, whereas they showed a close pattern in either of the other Internal cerebral vein. Strongly fluorescent aminergic fibers were observed as a mesh in the internal cerebral vein (400-600 p,m in diameter) (Fig. 3) . x 140.
tral aminergic system, appeared to terminate in in traparenchymal venules (Fig. 5) .
Electron microscopy
For ultrastructural observation in this study, the internal cerebral vein was examined. In the tissue fixed with KMn04, monoamine-containing boutons were identified as bulges containing mostly small (40-60 nm in diameter) but frequently a few large (80-120 nm) cored (granular) vesicles. On the other hand, nonaminergic boutons in the same section contained many clear (agranular) vesicles (Richard son, 1966; Hokfelt, 1968) . Most of nerve terminal boutons in the internal cerebral veins were aminer gic terminals (0. 2-1.0 /Lm in diameter). They were adjacent to cells quite similar to muscle cells (mus cle-like cells). Some of them seemed to be in con tact with a muscle-like cell (Fig. 6, left) . Occasional ly, a nonaminergic boutons containing only clear synaptic vesicles under KMn04 fixation were dem onstrated in the vein (Fig. 6, right) . only. Since it has been well documented that sym pathetic stimulation or application of noradrenaline directly to the pial arteries results in arterial con striction (Kobayashi et aI., 197 1; Kuschinsky and Wahl, 1975; Wahl et aI., 1972; Wei et aI., 1975) , it can be postulated that aminergic fibers in the cere bral arteries may play a role as vasoconstrictors.
Origin of the aminergic fibers in the cerebral veins
Recent work using noradrenaline microapplication (Edvinsson et aI., 1982) , sympathetic stimulation (Auer and Johansson, 1980) , and sympathectomy (Edvinsson et aI., 197 1, 1973b) suggests that the role In the present ultrastructural study, we observed cells similar to muscle cells in the internal cerebral vein, although some investigators have suggested an absence of smooth muscle cells in the cerebral veins (Takahashi, 1968; Frederickson and Low, 1969; Roggendorf et aI., 1978) . In order to identify these muscle-like cells as true muscle cells, we should further examine the cerebral veins by the following methods. (1) glutaraldehyde-osmium fix ation, (2) histochemistry of actomyosin ATPase (Guth and Samaha, 1970) , and (3) immunohis tochemistry of actin and myosin (Owman et aI., 1977) . Using electron microscopy, most nerve ter minals were seen to contain cored synaptic vesicles in the KMn04-fixed cerebral veins, but there were also some terminal boutons without cored vesicles.
In addition, no AChE-positive fibers were present in the veins. These observations naturally led us to conclude that a third type of neurons, neither aminergic nor cholinergic, innervate the cerebral veins. Recently, some peptides, such as vasoactive intestinal polypeptide and substance P (Larsson et aI., 1976; Uddman et aI., 1981; Edvinsson et aI., 1982) have been found in the cerebral arteries and veins. The peptidergic neuronal system may corre spond to the third type of neurons in the cerebral veins. In fact, we found a noncholinergic and nonaminergic neuron system originating from the superior cervical ganglion and innervating the cere bral blood vessels by means of retrograde labeling of dyes (unpublished observations).
We were unable to detect peripheral aminergic fibers around intraparenchymal venules. Instead of a peripheral system, central aminergic fluorescent varicosities were found near intraparenchymal ven ules. Although a careful ultrastructural study should be performed to ascertain that the central aminergic terminals end on the venules, it is probable that intraparenchymal venules may actively change their diameter under neurogenic control. By observing corrosion casts of the blood vessels under a scan ning electron microscope, we recently demon strated that not only cerebral arterioles but also capillaries and venules have a structure that suggests vascular sphincters (Nakai et aI., 1981) .
